Some new analogues of the nonlinear optical crystal L-arginine phosphate monohydrate (LAP) (Arg • HI0 3 , Arg • 2HI0 3 , Lys • HI0 3 , Lys • 2HI0 3 , Lys • 3HI0 3 , Bet • 3HI0 3 ) were obtained and investigated by means of IR, NQR, X-ray diffraction and SHG methods. The importance of this class of crystals for revealing new nonlinear optical crystals is pointed out.
Introduction
The discovery in 1983 of the promising nonlinear optical and other properties [1] of crystalline L-arginine phosphate monohydrate (LAP) [3] [4] [5] [6] [7] , (the symmetry and structure of which was determined earlier [2] ) has lead to the search of analogues which might surpass LAP in some parameters [8] [9] [10] . In [8] , an attempt was made to obtain LAP analogues by interaction of arginine with stoichiometric amounts of various acids. In some cases, the compounds had a very high solubility and formed viscous solutions. In iodic and some other acids, the compounds formed a very fine powder. From 10 analogues, the most attractive one was L-arginine fluoride Arg • HF. When trying to synthesize arginine monoarsenate, unexpectedly diarsenate Arg • 2H 3 As0 4 was formed [8] . In addition, it was found, that the second harmonic generation (SHG) signal from most of the compounds with symmetry P2, was much more intensive than from the ones with symmetry P2 1 2 1 2,.
Taking into account the ability of iodic acid to form acid salts [ 11 -13] , in addition to arginine iodate we tried to get its acid salts also [14] . Together with arginine iodate, the formation of arginine diiodate Arg • 2HI0 3 in the system Arg + HI0 3 + H 2 0 was established which, contrary to Arg • HI0 3 , crystallizes well. The interaction of arginine and some other amino acids with various inorganic acids, the role of the optical activity of amino acids, and the influence of symmetry on nonlinear optical properties seemed to be interesting.
Iodine-127 NQR, IR spectroscopy, X-ray diffraction and SHG methods were used.
Experimental Part
The amino acids (L-arginine, L-lysine, betaine) were purchased from the Institute of Research and Technology of Amino Acids (Yerevan). All compounds were synthesized by the interaction of water solutions of amino acids with inorganic acids in appropriate mole relations and subsequent evaporation at room temperature. IR spectra were registered on a Specord 75IR spectrophotometer at room temperature, using nujol mull or hexachlorbutadien. The NQR spectra were measured on an ISSh-2-13 pulsed spectrometer. The X-ray data were collected on an automatic diffractometer ENRAF-NONIUS C AD-4 (Mo K a radiation, graphite monochromator). The structures were solved by the direct method and refined by the full-matrix least-squares technique with anisotropic thermal parameters for non-hydrogen atoms using the SHELXL-93 program. The SHG in powders and crystals was checked with use of YAG: Nd Q-switched laser (A = 1.06 pm).
Results and Discussion

L-Arg • HIOt,
As was found in [8] , the interaction of Arg (L-arginine, NH 2 C(NH)NH(CH 2 ) 3 CH(NH 2 )COOH) with HI0 3 in the ratio 1:1 resulted in an extremely fine powder of Arg • HI0 3 . Its IR spectrum is shown on Fig. 1 a, and the iodine-127 NQR frequencies measured at 77 K are pre-0932-0784 / 98 / 0600-0492 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen sented in Table 1 . The NQR resonance lines were weak (S/N ~ 2) and broad. Nevertheless, they indicated a certain degree of crystallinity. The NQR frequencies, asymmetry parameters (r\), and quadrupole coupling constants eQq zz are typical for little distorted I0 3 groups [15] . The absorption band in the region 700-800 cm -1 of the Arg • HI0 3 IR spectrum concerns stretching vibrations of the I0 3 group. The absorption band of the COOH carboxyl group lies in the region of 1700 cm -1 and above, while the carboxylate group COO" absorbs in the region of 1600 cm -1 and below. Rather strong hydrogen bonds can lower the frequencies of the COOH group and accordingly raise the frequencies of the COO~ group up to intermediate values. (21) 14737 (8) 465 (7) 4594 (2) 37 (1) 0(22) 14052 (10) -2600 (9) 5106 (3) 56 (2) 0(23) 11820 (10) 191 (10) 5336 (3) 54 (2) 0(1) 10310 (9) 1568 (7) 4280 (3) 38 (1) 0(2) 9259 (9) 3330 (7) 3651 (3) 38(1) CO)
10366 (11) 2904 (9) 4035 (3) 28(1) C (2) 11878 (14) 4217 (10) The congruently soluble compound Arg • 2HI0 3 crystallizes perfectly. A good optical quality crystal with a few centimeter size was grown by the temperature reduction method in the temperature range 40-15°C. The IR spectrum of Arg • 2HI0 3 is shown on Figure 1 b. The absence of absorption bands in the region 600-700 cm" 1 , relating to v(I-OH) in the HI0 3 group, testifies its absence. Hence, on the basis of the IR spectrum it is possible to assume a protonation of the guanidyl and amino group and the existence of the COOH carboxyl group. However, the appropriate absorption is below 1700 cm" 
120.7 (7) 3000-3500 cm" 1 to the stretching v(NH) and probably v(OH). On the basis of these data it was possible to expect in the iodine-127 NQR spectrum one pair of resonant lines for each transition. However, to our surprise, despite the high quality of the Arg • 2HI0 3 crystals, we have found only one weak and very broad (Av = 1.5 MHz) line. This could testify the presence of internal motion broadening of the NQR lines. We determined the structure of Arg • 2HI0 3 by X-ray diffraction. The number of collected reflections was 2181. The orthorhombic unit cell with dimensions: a = 6.9554 (14) Table 2 ; bond lengths and angles are listed in Table 3 . The asymmetric part of the unit cell contains an arginine molecule and two I0 3 groups. The bond lengths and angles in the iodate groups are usual for iodates and correspond to the IR spectrum. Despite the sufficiently low value of the R-factor (R, = 0.0321 and wR 2 = 0.0981 for all data), hydrogen atoms on the background of the heavy iodine atoms could not be located. In Fig. 2 , the hydrogen atoms are added in the expected positions. The lengths of the C-OH and C=0 bonds in the carboxyl group lie usually in the 1.298-1.320 A and 1.203-1.224 Ä intervals [16] . It is possible, however, that the atom 0(2) is connected to hydrogen, and some shortening of C(l)-0(2) is probably explained by a hydrogen bond 0(2)...0( 13) of 2.530 A. This bond extends also the I( 1 )-0( 13) bond a little. Unusual are the lengths of the C(2)-C(3) and in particular the C(3)-C(4) bonds. Such anomaly is connected with disordering in the structure of Arg • 2HI0 3 , as confirmed by the high values of the equivalent isotropic and anisotropic displacement parameters of the atoms C(3) and in particular C(4). This internal motion can cause the unusual bonds in the arginine molecule and essentially the broadening of NQR lines, preventing their registration. In the arginine "molecule" of the L-Arg • 2HN0 3 crystal, the detailed data of which will be presented separately, such anomalies are not observed.
Lys-HI0 3 -H 2 0
The synthesis of lisine iodate from this system is described in [17] . By our data, in this system a few compounds with the formula Lys • nHI0 3 are formed, where n = 1,2,3, and one more compound with n > 3, the composition of which is under study. From these, only Lys • 3HI0 3 crystallizes well. The lisine molecule H 2 N(CH 2 ) 4 CH(NH 2 )COOH, like arginine, has two functional groups, capable to protonation. There are compounds with the compositions Lys.HCl and Lys.2HCl. Similar compounds are formed with HI0 3 . Lys • HI0 3 , was obtained from a water solution at the ratio 1:1 of Lys and HI0 3 . Its IR spectrum is shown on Figure 3 . The strong absorption band in the region which is characteristic for the iodate group (740 cm -1 , 755 cm -1 and 806 cm -1 ), and also the absence of absorption higher than 1600 cm -1 indicate protonation of both amino groups and transition of protons from HI0 3 and the own carboxyl group. The compound Lys • 2HI0 3 can be obtained from a water solution with the stoichiometric ratio of Lys and HI0 3 . Lys • 2HI0 3 was received as a powder. The IR spectrum is shown on Figure 3 b. A strong absorption band with peaks at 727; 753; 786 and 807 cm -1 is characteristic for iodate groups. The presence of the band close to 1687 cm" 1 indicates that two amino groups are protonated owing to two protons of HI0 3 groups, and the own carboxyl COOH group is protonated. The absorption band at 3500 cm -1 is probably connected with v (OH) of the COOH group.
The compound Lys • 3HI0 3 can be prepared as needles or plates by evaporation of a solution with stoichiometric amounts of Lys and HI0 3 . However it is possible to prepare bulk crystals by decreasing the temperature. The presence of the absorption band at 1713 cm -1 in the IR spectrum of Lys • 3HI0 3 (Fig. 3 c) indicates the existence of the COOH group. The band at 1600 cm -1 is related to bending vibrations of the NH 3 group. There are peaks with frequencies 815; 780; 740; 720; 680 and 613 cm -1 in the region of iodate group absorption. The presence of a band at 613 cm -1 , characteristic for stretching vibrations v (I-OH), indicate the presence of the HI0 3 group. So, the interaction of lisine with three HI0 3 molecules results in protonation of lisine owing to two of them, and the third HI0 3 molecules remains as HI0 3 group. These conclusions prove to be true by the NQR data (Ta- (11) 6527 (8) 1946 (11) 7880 (4) 26 (1) 0(12) 6660 (8) 6270 (11) 8169 (4) 26 (1) 0(13) 9336 (5) 3776 (14) 8507 (4) 28 (1) 1(2) 2251 (1) 3579 (1) 9341 (1) 15 (1) 0(21) 1524 (7) 1153 (11) 9821 (5) 28 (1) 0(22) 1510 (7) 5336 (13) 10289 (4) 27 (1) 0(23) 4277 (6) 3537 (11) 9774 (4) 24 (1) 1(3) 4320 (1 v,cm (3)-0(33) 1.806 (6) 1(3) Table 4 , and the bond lengths and angles in Table 5 . The asymmetric part of the cell is shown on Figure 4 . The hydrogen atoms were not located, and on Fig. 4 they are shown in expected positions based on the bond lengths of the non hydrogen atoms. The C( 1 )-0( 1) and C ( 1 )-0(2) bond lengths indicate the existence of the COOH group in complete accordance with the conclusion made from the IR spectrum. The bond length of I(2)-0 (22) indicates that the 0(22) atom belongs to a hydroxyl group, and so 1(2) to a HI0 3 group. The other two iodine atoms form I0 3 groups which gave their protons for protonation of the two amino groups of lisine. One of them, 1(1), forms a less distorted I0 3 group. It is obvious that it is one which has the asymmetry parameter 77 = 0.0561. The second atom, 1(3), included in a I0 3 group, has in addition to two usual bonds I(3)-0(32) and I(3)-0(33), one lengthened bond I(3)-0(31) which is caused by the strong 0(31)...I(2) bond from the second coordination sphere. Such bonds can be considered as intermediate between the first and second coordination spheres [18] .
According to [18] it is possible to consider the complex HI(2)0 3 • 1(3)0 3 as a second counter-ion in addition to I(l)OJ. On the basis of the bond lengths of the I(3)0 3 group it was possible to expect a greater asymmetry parameter than 77 = 0.1240, however it is necessary to take into account that the X-ray data are taken at room temperature, and the NQR data at the 77 K. Thus, on the basis of the NQR data it is possible to assume that the structure of Lys • 3HI0 3 at 77 K corresponds well to structural data at room temperature.
Bet • 3HI0 3
While Bet • HI0 3 is a poor by crystallizing compound, the interaction of betaine with iodic acid results in well crystallizing Bet • 3HI0 3 . Bet • 3HI0 3 is formed already at the ratio 1:2 in a water solution. Betaine (CH 3 ) 3 N + CH 2 COO" is an internal salt, and its interaction with acids results in protonation of the COO -group. The IR spectrum of Bet • 3HI0 3 (Fig. 5) contains a band at 1711 cm" 1 related to the COOH group. The absence of an absorption at 1600 cm -1 indicates the absence of COO" and NH 3 groups. The absorption at 635; 675; 716; (3) 1054 (15) 2772 (7) 8683 (6) 29(2) C (6) 2145 (18) 2618 (11) 7537 (7) 38(2) C (2) 31 (17) 1436 (9) 9085 (7) 31(2) C(l) -1842 (16) 1044 (9) 8491 (7) 30(2) C (4) 2724 (19) 3017 (10) 9443 (8) 40 (2) (12) 8061 (7) 61 (3) 0(13) -633 (13) 4476 (7) 3970 (5) 36 (2) 0(11) 3690 (14) 5062 (8) 3789 (6) 40 (2) 0(12) 2686 (12) 2586 (7) 3202 (6) 33 (1) 732; 752; 793 and 808 cm -1 is connected with stretching vibrations of iodate groups, and the presence of 635 cm -1 testifies the existence of the HI0 3 group and, hence, formation of an acid salt of betaine. This conclusion is supported by the NQR data (Table 1) . Three inequivalent iodine atoms in the unit-cell formed two HI0 3 
On Search for Nonlinear Optical Crystals
The role of the various factors in the search for new nonlinear crystals is discussed in [19, 20] . A necessary condition for nonlinear optical properties is the absence of an inversion center in the structure. However, most probable for organic crystals is a symmetry containing an inversion center. Thus, half of the known structures concern 2/m and 1 groups. A guarantee of getting noncentrosymmetric crystals is the use of optically active compounds containing an asymmetric carbon atom, in particular amino acids. Betaine does not contain an asymmetric atom of carbon and thus is not optically active. Thus crystals containing betaine, Bet • 3HI0 3 and also Bet • H3PO4 (results of which will be published elsewhere), belong to the groups with a center of symmetry (PI and P2 x /n accordingly). Therefore it is important to use optically active amino acids as, for example, L-arginine and L-lisine, forming the crystals L-Arg • 2HI0 3 and L-Lys • 3HI0 3 with symmetry P2,2,2! and P2 b respectively. Among non centrosymmetric crystals, most (78%) [20] are enantiomorphous crystals. Such crystals have P2,2 1 2 1 or P2j symmetry. These groups are not equivalent. Preferable is the group P2,. In the crystals with space group P2 1 2 1 2 1 , non critical phase -matching is impossible [21] . Besides, the space group P2 1 2 1 2 1 admits little (19%) molecular nonlinearity in the macroscopic nonlinearity of a crystal, while space group P2, admits maximum (38%) contribution [20, 22] , We believe that this can partially explain the difference in the intensities of SHG signals for these groups of symmetry, found by the authors [8] .
We also would like to note that the investigation of the L-Arg • 2HI0 3 crystal structure has shown that it is not an acid iodate and its formation is a peculiarity of arginine, namely presence of two groups which can be protonated. It seems that the formation of Arg • 2HI0 3 and Arg • 2H 3 As0 4 [8] is rather a rule than an exception. Thus, the well crystallizing compounds with composition 1:2 grow not only with acids forming poorly crystallizing compounds (e.g. Arg • 2HI0 3 and Arg • 2HN0 3 ) but also with acids forming well crystallizing compounds (e.g. Arg • 2HC1, Arg • 2H 3 P0 4 and others).
So, we agree with the authors of [8] that this class of compounds promises nonlinear crystals with useful properties.
